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AN INTERACTIVE COMPUTER PROGRAM FOR SIZING SPACECRAFT
MOMENTUM STORAGE DEVICES
Floyd J. Wilcox, Jr.
Langley Research Center
SUMMARY
An interactive computer program has been developed which computes the
sizing requirements for nongimbled reaction wheels, control moment gyros (CMG),
and dual momentum control devices (DMCD) used in Earth-orbiting spacecraft.
The program accepts as inputs the spacecraft's environmental disturbance
torques, rotational inertias, maneuver rates, and orbital data. From these
inputs, wheel weights are calculated for a range of radii and rotational speeds.
i The shape of the momentum whee! may be chosen to be either a hoop, solid
cylinder, or annular cylinder. The program provides graphic output illustrat-
ing the trade-off potential between the weight, radius, and wheel speed. A
number of the intermediate calculations such as the X-, Y-, and Z-axis total
momentum, the momentlmmabsorption requirements for reaction wheels, CMG's,
DMCD's, and basic orbit analysis information are also provided as program
output.
INTRODUCTION
Earth-orbiting spacecraft utilize nongimbled reaction wheels, control
moment gyros (CMG), and dual momentum control devices (DMCD) for momentum stor-
age and control, and the development of accurate momentum wheel sizing require-
ments is essential for effective spacecraft design. As part Of the Langley
Research Center's Computer-Aided Spacecraft Design effort, an interactive com-
puter program has been developed to size momentum wheels. The program accepts
as input the spacecraft's environmental disturbance torques, rotational iner-
tias, maneuver rates, vehicular orientation, and orbital data. Momentum wheel
weights are calculated for a range of wheel radii and rotational speeds, and
are provided as graphica! output to illustrate the trade-off potential between
the weight, radius, and wheel speed. Intermediate calculations such as the
X-, Y-, and Z-axis total momentum, the momentum absorption requirements for
reaction wheels, CMG's, DMCD's, and basic orbit analysis information are also
provided as output.
The momentum wheel sizing computer program listing is given in the
appendix.
PROGRAM DESCRIPTION
The momentum wheel sizing computer program provides an interactive graphics
technique for determining the wheel size and weight for various momentum storage
and control devices on Earth-orbiting spacecraft. The program is written in
ANSI standard FORTRAN on a Control Data Corporation (CDC) CYBER 173 computer.
The graphics output is generated using Tektronix Plot i0 software routines in
conjunction with a Tektronix 4014/15 graphic terminal. The program should be
easily adapted to and can be executed on any host computer with this graphics
package and remote terminal.
A simplified flow diagram of the momentum wheel sizing program is shown in
figure i.
Inputs and Assumptions
The user provides the following inputs: spacecraft environmental distur-
bance torques, rotational inertias, maneuver rates, orbit altitudes and incli-
nation, vehicle orientation, and celestial orientation. These inputs are
provided as outputs from two other Langley Research Center Computer-Aided
Spacecraft Design programs, (i) the Spacecraft Design and Cost Model (SDCM),
reference i, and (2) the Large Area Space System (LASS), reference 2. The
orbital equations of motion were obtained from reference 3. The relationship
between the orbital reference frames and the vehicle reference frames is shown
in figure 2. The input parameters are:








XNNN - Number of Gimbled Configurations for CMG
A - Apoapsis Altitude
P - Periapsis Altitude
ORBINC - Orbit Inclination
TL - Number of Orbits Between Wheel Unloading
TACCEL - Maneuver Acceleration Time
PDOTR - X-, Y-, Z-Axis Spacecraft Maneuver Rate
UPSILN - Angular Pivoting for DMCD
TA - X-, Y-, Z-Axis Atmospheric Disturbance Torque
TG - X-, Y-, Z-Axis Gravity Gradient Disturbance Torque
X
TS Y - X-, Y-, Z-Axis Solar Disturbance Torque
Z
li_ J - X-, Y-, Z-Axis Spacecraft Rotational Inertia
A major assumption of the program is that the X-axis is the spin axis
while the Y- and Z-axes are transverse. Also, the spacecraft's orbit may be
either circular or elliptical. Although all the momentum control wheels are
normally the same size, the X-, Y-, and Z-axes momentum absorption requirements
are not identical, therefore, it is necessary to determine the wheel weight for
the axis with the largest momentum absorption requirement.
Orbit Analysis
The first step of the orbit analysis portion of the program is to analyze
the ellipse representing the orbit, as shown in figure 3.
From the figure, the semimajor axis, a, is calculated by
(2R + A + P)
a = 2
The radius at periapsis, RP, is calculated by
RP = R+ P
the focus of the ellipse, c, is calculated by
C = a - RP
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where R is the radius of the Earth.
In the case of a circular orbit, the semimajor axis becomes the circle's
radius which is also the radius at periapsis.
a=RP
This forces both the focus and eccentricity to zero
c= 0
e = 0
The orbital period, T, is then calculated using Kepler's 3/2 Law
2a3/2
where u is Earth's gravitationa! constant.
The mean orbital motion, N, is calculated using
and the eccentric anomaly, E, by
1 e2
E : N + e sin (N) + _ sin (2N)
In the case of a circular orbit, the last two terms of the preceding equation
are forced to zero and the eccentric anomaly becomes
E = N
Using the above calculations, the maximum orbital angular rate of change, @,
which is at perigee, is determined from
e 2
= Nv-
E1 - e cos (E)3 2




• To calculate the total momentum in each of the three spacecraft's body
axes, three different momentums are taken into account: (i) maneuver momentum,
(2) environmental disturbance torque momentum, and (3) orientation tracking
momentum.
The maneuver momentums, HXMAN, HYMAN, and HZMAN, in all three axes are
calculated using the following equations:





To compute the disturbance torque momentum, the total disturbance torques,
XDT, YDT, and ZDT, are first calculated by summing the atmospheric, solar,
and gravity gradient torques by
XDT = TAX + TSX + TGX
YDT = TAY + TSY + TGY
ZDT = TAZ + TSZ + TGZ
Using these totals, the disturbance torques, HTX, HTY, and HTZ, are then
computed using
HTX = XDT (TL)(T)
HTY = YDT (TL)(T)
HTZ = ZDT (TL)(T)
To compute the orientation tracking momentums, HTRAKX, HTRAKY, and
HTRAKZ, the program first determines whether the spacecraft is solar oriented,
inertialloriented, or Earth oriented. If the spacecraft is either solar or
inertially oriented, there is no orientation tracking momentum and the




If the spacecraft is Earth oriented, the program will determine whether its
body axis is sideways, nose down, or nose forward with respect to the orbital
velocity vector (fig. 2). The following assignments are made if its body axis
is
(i) Sideways : HTRAKX = XJ (6)
HTRAKY = 0.0
HTRAKZ = 0.0
(2) Nose down: HTRAKX = 0.0
HTRAKY = YJ(6)
HTRAKZ = 0.0
(3) Nose forward: HTRAKZ = 0.0
HTRAKY = YJ(6)
HTRAKZ = 0.0
The total momentum in each axis is computed by summingthe maneuver,
disturbance torque, and orientation tracking momentums
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HX = HXMAN + HTX + HTRAKX
HY = HYMAN + HTY + HTRAKY
HZ = HZMAN + HTZ + HTRAKZ
Control Device's Momentum Absorption Requirements
The momentum absorption requirements for the reaction wheel, CMG, and
DMCD are calculated to determine the wheel weight. The maximum momentum in
any axis, HMAX, is used for the calculation of nongimbled reaction wheel
weight. Using an intrinsic FORTRAN function, HMAX is determined by
HMAX = AMAXI (HX, HY, HZ)
Here HMAX will be assigned the largest value between HX, HY, and HZ. To
compute the CMG momentum for computing wheel weight, the minimum momentum in
any axis, HMIN, is first calculated using another intrinsic FORTRAN function
HMIN = AMINI (HX, HY, HZ)
Here HMIN will be assigned the smallest value between HX, HY, and HZ.
From this, the CMG slew angle, GAMMA, is calculated from
(xN )k
Then using the preceding HMIN and GAMMA calculations, the CMG wheel
momentum, HCMG, is calculated using
HMIN
HCMG = (XNNN) sin (GAMMA)





and the peak torquer torque, TCMG, by
(HCMG) AMAXI (PDOTRX, PDOTRY, PDOTRZ)TCMG = 57.3
To compute the DMCD momentum for computing wheel weight, the spin and
transverse axis momentum absorption requirements must be calculated. The DMCD
configuration for both the spin and transverse axes is shown in figure 4.
The spin axis absorption momentum, DELTHU, is calculated by
HX
DELTHU = 2
and the transverse axis absorption momentum by
AMAXl (HY, HZ)HU =
From these calculations, the total DMCD wheel momentum, HTDMCD, is computed
by summing the spin and transverse axes absorption momentums
HTDMCD = DELTHU + HU
Wheel Weight
The final step of the program is to calculate the wheel weight. The
wheel mass is calculated from the relationship between the rotational inertia
of the wheel and its radius,
I = MR 2
Since the angular momentum, L, is equal to the rotational inertia of the




























_<RI2 + R22 )
where R1 is the wheel's inner radius and R2 is the outer radius. The





The wheel masses are next multiplied by the acceleration of gravity to deter-
mine the wheel weight at the spacecraft's altitude. Thus, the equations used
in computing wheel weight are
L (ACC)(i) For a hoop W =
R2_
2L (ACC)(2) For a solid cylinder W =
R2W
2L (ACC)(3) For an annular cylinder W =
_(RI2 + R22)
Trade-Off and Output
Calculated wheel weight curves are shown in figures 5 through 7 for wheel
radii varying from 1 inch (2.54 cm) to i0 inches (25.4 cm) and wheel speeds of
500 to 5000 rpm's in increments of 500 rpm's to illustrate the trade-off
potential between weight, radius, and wheel speed. Weights of hoop, solid
cylinder, and annular cylinder momentum wheels are presented for the nongimbled,
CMG and DMCD systems. Calculations were made in U.S. Customary Units. Con-
version factors for values used in this report are given in table i. The
program's input default values, which were used to generate the weight curves
(figs. 5 to 7), are given in figure 8.
In addition to the weight curves, values of 22 calculated parameters _re
outputted, including the maximum torque in any axis which is calculated by
AMAXl (HXMAN, HYMAN, HZMAN)TMAX =
TACCEL + AMAXl (XDT, YDT, ZDT)
i0
These other calculated parameters are
RP - Radius at periapsis
- Maximum orbital rate of change
T - Orbital period
H MAN - X-, Y-, Z-axis maneuver momentum
(x)HT Y - X-, Y-, Z-axis disturbance torque momentumZ
HTRAK - X-, Y-, Z-axis orientation tracking momentum
(x)H Y - X-, Y-, Z-axis total momentumZ
HMAX - Maximum momentum, any axis
HCMG - CMG wheel momentum
HTDMCD - DMCD wheel momentum
DELDOT - Peak gimble rate
TCMG - Peak torquer torque
TMAX - Maximum torque in any axis




An interactive computer program has been developed at the Langley
Research Center to size momentum wheels for various momentum storage and
control devices for orbiting spacecraft. The program considers hoop, solid
cylinder, and annular cylinder wheels.
Wheel weights are calculated and are shown for a series of wheel radii




MOMENTUM WHEEL SIZING PROGRAM






*WEI GH6,WEI GH7,WEIGII8,IJEI GII9,_JEI GliO,R
COMMON/URPI/U,RP,PI










DATAWEIGIII(1) ,WEIGH2(1) ,WEIGH3(I) ,_IEIGH4(I ) ,IJEIGII5(I ),




20 PRINT *,"ENTER 1 FORDEFAULTVALUES"
PRITJT*,"ENTER 2 FORVALUESFROMLAST RUff"
PRINT *,"EIITER 3 FORPERIIAIIE[|TLYSAVEDVALUES"


























































PRINT *,"DO YOU%JAIJTO SAVENE_!VALUESPERI_IJENTLY?"
PRIIIT *,"ENTER 1 FORYES"






























































































































220 PRII|T*,"DOYOU ;.;ANT_.JIIEELSPEED,SIZEAID I,IEIGHTPLOT?"






























5 PRINT* "DOYOU I.,IAIIT[ EI,,IGRAPII?"



















































































260 _IEIGHI(a): HUIIACC/(OI'IEGA*(R(J)**2+RI (J)**2))
GOTO460
280 WEIGH2(J): HUMACC/(OMEGA*(R(J)**2+RI (J)**2))
GOTO460
300 WEIGH3(J)= IIUI.VICC/(OMEGA*(R(J)**2+RI (J)**2))
GOTO460
320 WEIGH4(J)= HUMACC/(O_IEGA*(R(J)**2+RI (J)**2))
GOTO460



































































































































































































i. Systems Cost/Performance Analysis (Study 2.3), Final Report; 31 March 1975;
Prepared by The Aerospace Corporation, Los Angeles, California. Prepared
for Office of Manned Flight, National Aeronautics and Space Administration,
Washington, DC, 20546, under Contract NASW-2727.
2. Large Advanced Space Systems Computer Program, Monthly Progress Reports
(Final Report Pending); Prepared by General Dynamics Convair Division,
San Diego, California, 92138. Prepared for Langley Research Center,
Hampton, Virginia, 23665, under Contract NASI-15462.
3. Space Flight Handbooks, Volume I, Orbital Flight Handbook, Part 1 - Basic
Techniques and Data. Prepared for the George C. Marshall Space Flight
Center, Huntsville, Alabama; produced by the Martin Company under
Contract NAS8-5031; NASA SP 33, Part 17 1963.
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TABLE I. CONVERSION FACTORS FROM U.S. CUSTOmaRY TO S.I. UNITS
1 inch = 2.54 centimeters
1 foot = 0.305 meters
1 mile = d.61 kilometers
1 pound (wt) = 4.95 newtons = 0.454 kilograms
1 foot-pound = 1.38 newton-meters
" 1 slug-foot2 = 1.36 kilogram-meters2




i. Environmental Disturbance Torques
2. Spacecraft Rotational Inertia
3. Data Specifying Spacecraft's Orbit
Analyze Orbit to Determine Maximum
Orbital Rate of Change
' 1
CalculateMomentumDue to:
i. Environmental Disturbance Torques
2. Maneuvers
3. Orientation Tracking
Calculate Reaction Wheel, GMC, and
DMCDSizing Requirements
Calculate Weight of Wheel:. I
Plot Wheel Radius versus Nheel
Weight for Various Wheel Speeds
Figure 1. Flow diagram.
/
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Figure 2. Relationship between the orbital reference frame and the





a = _emimajor axis of orbit ellipse
A = Apoapsis altitude C
C = Focus of orbit ellipse a
P = Periapsis altitude
R = Radius of Earth
RP = Radius of periapsis
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Figure 6. Weight curve for CMG.
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Figure 7. Weight curves for DMCD.
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(c) Annular cylinder.
Figure 7. Concluded.








3 XNNrl- IIUFIBEROF GI_IBALEDCOrIFIGURATIOI_S4
IF INPUTSOK ENTERl
IF V;A_TO CHANGEENTER2
l APOA- LEIIGTHOF APOAPSIS(I_L) 175.000
2 PER- LENGTHOF PERIAPSIS(!]L) lO0.O00
3 ORBIt!C-ORBITINCLII|ATIOrl(DEG) 57.300
4 TL- TitleBETL,JEEI|_JHEELUrILOADII_G(ORBITS) l.O00
5 TACCEL- IIAI4EUVERACCELERATIOIIT HE (SEC) 20.000
6 PDOTRX- X-AXISrlAI|EUVERRATE (DEG/SEC) l.O00
7 PDOTRY- Y-AXISHAI|EUVERRATE (DEG/SEC) l.O00
8 PDOTRZ- Z-AXISItAI|EUVERRATE (DEG/SEC) l.O00
9 UPSILN- AIIGULARPIVOTII_GFOR DHCD (DEG) 20.000
IF INPUTSOK Er_TERl
IFIJANT O CHA[IGEIITER2
l TAX- X-AXISAT_IOSPHERICDIST.TORQUE(FT-LBS) O.
2 TGX- X-AXISGRAVITYGRAD.DIST.TORQUE(FT-LBS) .2859E-I0
3 TSX- X-AXISSOLARDIST.TORQUE(FT-LBS) O.
4 TAY- Y-AXISATrlOSPHERICDIST.TORQUE(FT-LBS) .8541E-06
5 TGY- Y-AXISGRAVITYGRAD.DIST.TORQUE(FT-LBS) .3791E-I0
6 TSY- Y-AXISSOLARDIST.TORQUE(FT-LBS) O.
7 TAZ- Z-AXISAT!IOSPHERICDIST.TORQUE(FT-LBS) .8477E-07
8 TGZ- Z-AXISGRAVITYGRAD.DIST.TORQUE(FT-LBS) O.
9 TSZ- Z-AXISSOLARDIST.TORQUE(FT-LDS) O.
lO XJ- X-AXISSPACECRAFTROTATIOIIALINERTIA(SLUG-FT**2) .1595E+04
II YJ- Y-AXISSPACECRAFTROTATIOI_ALIr_ERTIA(SLUG-FT**2) .1380E+04
12 ZJ- Z-AXISSPACECRAFTROTATIOIIALINERTIA(SLUG-FT**2) .8034E_'03
IF I_PUTSOK EIITERl
IF WANTTO CHAIIGEIITER2
Figure 8. Input defaultvalues.
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APOA- APOAPSISALTITUDE(FT) .I063318E+07


















Tr4AX- HAXIHUI,ITORQUEAI.IYAXIS (FT-LBS) .1391798E+01
IICr_G- C_4G_HEELFIOFIENTUI! .1435261E+02
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